Receptor tyrosine kinases (RTKs) play fundamental roles in diverse cell functions, including proliferation, differentiation, survival, migration, and metabolism (16) . Axl RTK (also known as Ark, Ufo, and Tyro7) is the prototype of a family of transmembrane receptors, which also includes Tyro3 (also known as Sky, Brt, Etk, Tif, Dtk, and Rse) and Mer (c-Eyk, Nyk, and Tyro12) (34, 44, 64) . They share a distinct molecular structure characterized by two immunoglobulin-like motifs and two fibronectin type III repeats in their extracellular domain and a cytoplasmic domain that contains a conserved catalytic kinase region (34, 44) . Axl, Tyro3, and Mer are variably expressed in neural, lymphoid, vascular, and reproductive tissues and in different primary cells and tumor cell lines (11, 41, 42) . Mutant mice that lack these three receptors have a defective phagocytic clearance of apoptotic cells and impaired spermatogenesis (41) and develop a severe lymphoproliferative disorder accompanied by broad-spectrum autoimmunity (42) .
A common heterophilic ligand for these RTK family members is Gas6, a vitamin K-dependent protein that is widely secreted by most tissues, including the lungs, intestine, and vascular endothelium (43) . Gas6 is the product of growth arrest-specific gene 6, which was initially cloned from serumstarved fibroblasts and shares about 44% sequence identity and similar domain organization with protein S, a negative regulator of blood coagulation (48) . Recent studies indicate that the Gas6/Axl system plays an important role in vascular biology (46) . A large amount of experimental evidence supports a role for Gas6/Axl signaling in cell growth and protection from apoptosis in normal and cancer cells (10, 24, 31) . Axl activation results in autophosphorylation and phosphorylation of cytoplasmic substrates, including phosphatidylinositol 3-kinase (PI3K), Akt, S6K, Src kinase, ERK, p38, STAT3, and NF-B (2, 29, 32, 35, 62, 68) .
The extracellular regions of Axl, Tyro3, and Mer contain similar combinations of structural motifs, which are also observed in the receptor-type protein tyrosine phosphatases and adhesion molecules of the cadherin and immunoglobulin superfamily (67) . Several studies demonstrated that Axl could mediate cell adhesion and aggregation through homotypic ectodomain associations (9, 23) . Both murine and human Axl proteins undergo proteolytic processing to yield a soluble form of this molecule. Murine Axl is cleaved extracellularly to generate a soluble ectodomain of approximately 65 kDa (23) , whereas cleavage of human Axl is mapped to the 14-aminoacid (aa) stretch in the extracellular region and corresponds to the soluble form with a higher molecular mass of 80 kDa (50) . Soluble Axl (sAxl) is present in cell-conditioned medium of tumor cells growing in vivo and in vitro and in the sera of humans, mice, and rats (23, 50) . However, the identities of the sAxl-generating protease(s) and the mechanism(s) that account for this process remain unknown.
Ectodomain shedding has emerged as an important post-translational mechanism to regulate the functions of various integral membrane-bound proteins, including adhesion molecules, cytokines, growth factors, and their receptors (57, 60) . Both membrane-bound and soluble members of the protease superfamily can mediate this process (14) . Yet, metalloproteinases of the zinc-dependent ADAM family (for a disintegrin and metalloproteinase) were shown to be responsible for the cleavage of the majority of shed proteins (27, 57) . The ADAMs are type I membrane-anchored glycoproteins which play important roles in fertilization, neurogenesis, and angiogenesis and mediate the shedding of various membrane-bound molecules (14, 57) . Among these family members, ADAM10/Kuzbanian and ADAM17/TACE (for tumor necrosis factor alpha [TNF-␣]-converting enzyme) are particularly important in the context of ectodomain generation (57) . They are involved in the proteolysis of various substrates, including epidermal growth factor receptor ligands (14, 55) , TNF-␣ and its receptors (12, 25) , amyloid precursor protein (61) , Notch (13) , Notch ligand Delta (60) , N-cadherin (54) , fractalkine (38) , and many others.
In the present study, we demonstrate that a soluble variant of murine Axl RTK is constitutively generated from the fulllength transmembrane molecule through defined proteolytic cleavage and identify ADAM10 as the major metalloproteinase responsible for this process. We provide several lines of experimental evidence which support a functional role for this soluble molecule. Importantly, sAxl is constitutively present in mouse serum and cell-conditioned medium in combination with Gas6, which may affect Gas6 bioavailability and activity. Thus, our results link the proteolytic cleavage of Axl and Gas6 function, suggesting that maintenance of a dynamic equilibrium between serum levels of sAxl and Gas6 might play an important regulatory role.
MATERIALS AND METHODS
Cytokines, antibodies (Abs), inhibitors, and recombinant proteins. Recombinant human interleukin-15 (IL-15), granulocyte-macrophage colony-stimulating factor (GM-CSF), and TNF-␣ were purchased from TEBU. Lipopolysaccharide (LPS) derived from Salmonella enterica serovar Friedenau was kindly provided by H. Brade (Research Center Borstel, Borstel, Germany). Phorbol 12-myristate 13-acetate (PMA) and anti-␤-actin Abs were purchased from Sigma-Aldrich. Abs against Axl (M-19), Gas6 (N-20) , and PI3K (Z-8) were from Santa Cruz Biotechnology; antiphosphotyrosine Abs (RC20) were from BD Biosciences, and anti-ADAM10 Abs were from Chemicon. Recombinant murine Gas6, rat antimouse Gas6, biotinylated goat anti-mouse Gas6, Axl, Mer, and Tyro3 (Dtk) Abs and Axl-Fc and IL-3R-Fc chimeras were purchased from R&D Systems.
The broad-spectrum hydroxamic acid-based metalloproteinase inhibitor GM6001 and the respective negative control compound were purchased from Calbiochem. GW280264X (a potent inhibitor of TACE and ADAM10 metalloproteinases) was previously described (1, 38) .
Cell culture, stimulation, and transfection conditions. Ras-Myc-retrovirusimmortalized TACE Ϫ/Ϫ (generously provided by S. Rose-John, Christian-Albrechts-University, Kiel, Germany), simian virus large T antigen (SV-T)-immortalized ADAM10 Ϫ/Ϫ , primary Axl Ϫ/Ϫ mouse embryo fibroblasts (MEFs), and respective wild-type (WT) cells were generated and characterized as described elsewhere (3, 36, 53) . Axl Ϫ/Ϫ MEFs were immortalized by stable transfection with the simian virus 40 large T antigen expression vector pMSSVLT (58) . Murine plasmacytoma J558L (19) , murine mammary adenocarcinoma TS/A (17), murine fibrosarcoma L929 (ECACC 85011425), its TNF-␣-resistant derivative L929R, and primate fibroblast COS-7 (ATCC CRL-1651) cell lines were maintained in RPMI 1640 medium, and MEFs were cultured in Dulbecco modified Eagle medium. Culture medium was supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were stimulated with PMA (200 ng/ml) in FCS-free medium.
Bone marrow-derived dendritic cells (DCs) were generated as previously described (15) . Briefly, bone marrow cells were flushed from the femurs and tibias of mice and erythrocytes were lysed. Cells were grown in RPMI 1640 medium supplemented with 10% FCS, 2 mM L-glutamine, 50 M ␤-mercaptoethanol, antibiotics, and 20 ng/ml GM-CSF. On day 3, fresh medium with 20 ng/ml GM-CSF was added and on day 6, half of the cell-free culture supernatant was replaced with fresh medium containing 10 ng/ml GM-CSF. On day 8, cells were harvested, washed twice, and incubated with LPS (10 ng/ml) for 24 h. Purity was routinely Ͼ95% as determined by fluorescence-activated cell sorter analysis. ADAM10 Ϫ/Ϫ MEFs were reconstituted with bovine hemagglutinin-tagged ADAM10 cDNA in a retroviral expression vector based on pCXbsr (kindly provided by F. Fahrenholz, Institute of Biochemistry, Mainz, Germany) as previously described (1, 38) . COS-7 cells were transfected with Lipofectamine 2000 (Gibco-Invitrogen) and analyzed 48 h posttransfection. Transfection efficiency was confirmed by Western blotting with specific Abs.
The small interfering RNA (siRNA) method was used to knock down ADAM10 expression. siRNA oligonucleotides targeting ADAM10 expression were purchased from Ambion, whereas transfection with scrambled oligonucleotides was used as a control. Cells were transfected by jetSI-FluoF siRNA transfection reagent (Eurogentec) with 50 nM siRNA. Forty-eight hours posttransfection, part of the cells was analyzed for specific depletion of ADAM10 protein by Western blotting with anti-ADAM10 Abs. Transfection efficiency was about 80 to 90% as detected by fluorescence microscopy (data not shown).
Mice. 446 ) in the membrane-proximal region of murine Axl and designated Axl⌬1, Axl⌬2, and Axl⌬3, respectively. For the generation of the deletion mutants, an inverse PCR strategy was utilized. Pairs of primers (Axl⌬1 sense, 5Ј-TATGTACTGCTGGGAGCACTTGTG-3Ј; Axl⌬1 antisense, 5Ј-CAGATGGTGGAGTGGCTGTCCTTG-3Ј; Axl⌬2 sense, 5Ј-AGGT GGGGGTTCACTCAC-3Ј; Axl⌬2 antisense, 5Ј-CTTGTGGCTGCCGCCTGC GTC-3Ј; Axl⌬3 sense, 5Ј-TCCTTGCCCTGGGCGCCAGGG-3Ј; Axl⌬3 antisense, 5Ј-TTCTCGTGGCCTTGGTGGTAT-3Ј) in the Axl coding sequence were designed in such a way that, after PCR amplification, the complete plasmid pRK5 was obtained again, lacking only the bases located between the two primers. The PCR products obtained were subsequently phosphorylated and ligated. The identities of the deletion-containing constructs were verified by standard DNA sequencing.
ELISA. Concentrations of Axl, Gas6, and Tyro3 in cell supernatants, lysates, and mouse sera were evaluated by DuoSet ELISA kits (R&D Systems) according to the manufacturer's recommendations. Soluble Mer was detected with rat anti-mouse Mer and biotinylated goat anti-mouse Mer Abs (both from R&D Systems). In brief, a 96-well plate (Greiner) was coated and incubated overnight at 4°C with 1 g/ml of rat anti-Mer Abs. Wells were blocked with 2% bovine serum albumin in PBS for 2 h. Samples (50 to 100 l/well) were added to the plate, which was incubated overnight at 4°C. Serial dilutions of murine recombinant Mer were used for standardization. Bound Mer was detected with biotinylated anti-Mer Abs at a concentration of 1 g/ml, followed by incubation with streptavidin-peroxidase. Axl/Gas6 heterocomplexes in mouse sera were detected by a two-site ELISA. Plates were coated with monoclonal anti-Axl Abs, and Axl/Gas6 heterocomplexes in samples were detected with polyclonal biotinylated goat anti-mouse Gas6 Abs, followed by incubation with streptavidin-peroxidase. A chromogenic substrate (R&D Systems) was used for visualization, and the reaction was stopped after 20 min of incubation by addition of 1 N H 2 SO 4 . Optical density was determined at 450 nm with an ELISA reader (Dynatech). Anti-Axl or anti-Gas6 Abs did not show cross-reactivity for Gas6 or Axl, respectively.
Immunoprecipitation and Western blotting. NP-40 (0.5% final concentration) and a cocktail of protease inhibitors were added to cell supernatants or sera, and immunoprecipitation with biotinylated anti-Axl Abs was performed for 2 h at 4°C. Immunocomplexes were captured on streptavidin-agarose (Perbio Science). To analyze glycosylation, the samples after immunoprecipitation were treated with 250 mU of N-glycosidase F (Roche) for 3 h at 37°C according to the manufacturer's instructions. Samples were resuspended in sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) sample buffer (62.5 mM Tris-HCl, pH 8.0, 1% glycerol, 2% SDS, 5% ␤-mercaptoethanol, 0.01% bromophenol blue), boiled for 5 min, and subjected to 10% SDS-PAGE. The resolved VOL. 25, 2005 GENERATION OF SOLUBLE Axl BY ADAM10 9325 proteins were transferred onto nitrocellulose (Bio-Rad). Blots were blocked for 1 h in PBS containing 0.05% Tween 20 and 3% bovine serum albumin (SigmaAldrich). After incubations with primary and secondary Abs and washing with PBS-0.05% Tween 20, visualization of specific proteins was carried out by the enhanced-chemiluminescence method with enhanced-chemiluminescence Western blotting detection reagents (Amersham Pharmacia) according to the manufacturer's instructions. Cellular extracts were prepared and analyzed by Western blotting as described elsewhere (19) . Reverse transcription (RT)-PCR. RNA was extracted from cells with TRIZOL reagent, and cDNA was synthesized from 5 g of total RNA by using random oligonucleotides as primers and a SuperScriptII kit (all reagents were from Gibco-Invitrogen). cDNA was amplified by a standard PCR procedure as described previously (19) . The following primers were used: murine Axl (473 bp) sense, 5Ј-CTCGGGGACCAGCCAGTGTTC-3Ј; murine Axl antisense, 5Ј-GGC CGGTCTCGAGGGTTCAGTT-3Ј; ␤-actin (500 bp) sense, 5Ј-GTGGGGCGC CCCAGGCACCA-3Ј; ␤-actin antisense, 5Ј-CTCCTTAATGTCACGCACGAT TTC-3Ј. All primers were purchased from Metabion. Amplification of the ␤-actin message was used to normalize the amount of cDNA used. A mock PCR (without cDNA) was included to exclude contamination in all experiments.
Flow cytometric analysis. Adherent cells were harvested from culture plates with Accutase (PAA Laboratories). Axl, Mer, or Tyro3 expression was evaluated by incubation of cells with biotinylated goat anti-mouse Axl, Mer, or Tyro3 Abs, respectively, followed by incubation with streptavidin-fluorescein isothiocyanate, and analyzed by flow cytometry with a FACScalibur (Becton Dickinson) and CellQuest software. Negative controls consisted of biotinylated, isotype-matched Abs (BD PharMingen). The fluorescence signal of the labeled cells was calculated as the median fluorescence intensity of the cell population.
Wound-healing assay. Plates were coated with 10 g/ml of Axl-Fc or IL-3R-Fc (control) chimeric protein. Exponentially growing cells (2 ϫ 10 6 ) were plated onto coated plates in complete growth medium. After 18 h, the monolayers of cells were wounded by manual scratching with a pipette tip, washed with PBS, placed into complete growth medium, and photographed in phase-contrast with a Nikon microscope (Nikon Diaphot 300). Matched-pair marked wound regions were photographed again after 6 and 18 h. Data analysis. All experiments were performed in at least three independent assays. Data are summarized as means Ϯ standard deviations. Statistical analysis of the results was performed by Student's t test for unpaired samples. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Murine fibroblasts release sAxl. Murine L929 fibrosarcoma cells abundantly express Axl mRNA and protein, as detected by RT-PCR and Western blotting, whereas the amount of Axl is higher in a TNF-␣-resistant derivative of the L929 cell line referred to here as L929R (Fig. 1A and B) . Membrane-bound Axl could also be detected on the cell surface of both fibroblast cell lines by flow cytometry (Fig. 1C ) and confocal microscopy (data not shown). Therefore, we have chosen these two cell lines as model systems for analysis of the mechanism(s) of sAxl generation and comparison. To investigate whether these cells release sAxl into the culture medium, conditioned medium was collected after 18 h of culture. Next, sAxl was immunoprecipitated from the conditioned medium with specific Abs and immunoprecipitates were analyzed by Western blotting. In parallel, the amount of Axl in the cell lysates was assessed. Indeed, L929 fibroblasts constitutively released sAxl into the culture medium, as shown by the ability of anti-Axl Abs to precipitate a characteristic 65-kDa sAxl isoform (Fig. 1D) , which is in accord with previous findings (23) . Further, a fulllength Axl protein (120 kDa) was detected in the cell lysates (Fig. 1D) , whereas isotype-matched control Abs did not precipitate Axl (data not shown). To assess whether sAxl is glycosylated, the immunoprecipitates from the conditioned medium were treated with N-glycosidase and the resulting products were analyzed by Western blotting. As shown in Fig.  1E , the treatment of sAxl with N-glycosidase leads to a shift of the specific band to a lower molecular mass position (about 60 kDa), which presumably corresponds to a nonglycosylated form of this molecule.
It has been reported that a variety of proteins may be released from the cell surface after stimulation with PMA, a potent activator of protein kinase C, by triggering metalloproteinase-dependent ectodomain sheddase machinery (6, 39) . This pathway is defined as inducible shedding and appears to be highly conserved among multiple cell types. Thus, we investigated whether PMA treatment could enhance the release of sAxl from murine L929 fibroblasts. To this end, cells were treated with PMA (200 ng/ml) for different times or left untreated and the supernatants were collected and tested by ELISA. Time course experiments demonstrated that both cell lines release sAxl within the first 15 min, and PMA significantly increases the sAxl concentration in the supernatants ( Fig. 2A and B). The ability of PMA to enhance the release of sAxl was most prominent within 2 h of treatment (5.1-and 5.6-fold increases in L929 and L929R cells, respectively). It should be noted that Axl expression was approximately 10-fold higher in L929R versus L929 cells at all indicated time points, resulting in the corresponding increase in the generation of sAxl ( Fig.  2A and B). Since the maximal difference between constitutive and inducible sAxl generation in both L929 cell lines was observed after 2 h, most subsequent experimental measurements were performed at this time point. Notably, the appearance of sAxl was associated with reduced expression of the transmembrane protein, as demonstrated by immunofluorescent staining of membrane Axl and flow cytometry ( Fig. 2C and D). The rapid kinetics of this process suggests that the PMA-inducible release of sAxl likely occurs through enhanced processing of mature Axl rather than new biosynthesis of this protein and decreases when its cellular stores are exhausted. Interestingly, despite the fact that parental and resistant L929 cells express two other receptors of this family, Tyro3 and Mer, at the mRNA and protein levels (see (E and F) Cells were treated with PMA (200 ng/ml), Gas6 (50 ng/ml), IL-15 (50 ng/ml), TNF-␣ (10 ng/ml), and LPS (10 ng/ml) for 2 h, and the concentration of sAxl in the culture medium was quantified by ELISA. Untreated (medium) cells were used as controls. **, P Ͻ 0.01 versus control samples.
VOL. 25, 2005 GENERATION OF SOLUBLE Axl BY ADAM10 9327 In parallel, we also tested for the ability of several other agents to induce sAxl release, including TNF-␣, IL-15, and LPS. TNF-␣ can induce the production of soluble IL-15R␣ in both L929 and L929R cells, and this effect is not dependent on TNF-␣ cytotoxicity (18) . Furthermore, IL-15 is able to upregulate Axl expression in L929 fibroblasts (V. Budagian et al., submitted for publication), whereas LPS treatment triggers the expression of chemokines by these cells (E. Bulanova and S. Bulfone-Paus, unpublished data). Both fibroblast cell lines were treated with Gas6 (50 ng/ml), IL-15 (50 ng/ml), TNF-␣ (10 ng/ml), or LPS (50 ng/ml) for 2 h, and sAxl release was evaluated by ELISA. Interestingly, only TNF-␣ was able to induce a weak increase in sAxl production in L929 cells, whereas Gas6, IL-15, and LPS had no effect (Fig. 2E ). Conversely, only Gas6 induced a modest increase in sAxl generation in L929R cells (Fig. 2F ), thereby indicating that sAxl release may be partially dependent on ligand binding, at least in cells abundantly expressing Axl on the cell surface. Given that TNF-␣ was not able to enhance sAxl production in the resistant fibroblasts, the increase in sAxl generation in the TNF-␣-treated parental cells presumably resulted from TNF-␣-mediated cell death (20) . Taken together, these experiments demonstrate that L929 and L929R fibroblasts constitutively release sAxl into the culture medium, and PMA stimulation further enhances this process, whereas Gas6 up-regulates sAxl generation only in fibroblasts highly expressing membranebound Axl. Metalloproteinase inhibitors block constitutive and inducible Axl shedding. It has been reported that both human and murine Axl proteins undergo proteolytic cleavage by an as yet unidentified protease(s) to yield soluble variants of this molecule (23, 50) . Members of the metalloproteinase superfamily have been shown to be responsible for the cleavage of the majority of shed proteins (14) . The proteolytic activity of metalloproteinases can be blocked by broad-spectrum metalloproteinase inhibitors such as batimastat or GM6001 (1) . To test whether the release of sAxl is mediated by metalloproteinases, cells were first incubated with GM6001 or its inactive analog as a control. These experiments demonstrated the ability of GM6001 to suppress constitutive (2.8-and 3.5-fold, respectively) and PMA-induced (2.9-and 3.2-fold, respectively) Axl shedding in the L929 and L929R fibroblast cell lines, compared with a control compound (Fig. 3A) . Conversely, the inhibitor increased the amount of Axl in cell lysates.
R E T R A C T E D
Given that sAxl generation is mediated by defined proteolysis, which is sensitive to GM6001, we wanted next to establish the identity of the specific metalloproteinase(s) responsible for Axl cleavage. Taking into account that ADAM10 and ADAM17/TACE have been implicated in the constitutive and PMA-inducible ectodomain shedding of a number of cell surface-expressed molecules (1, 14, 18, 54) , we investigated the involvement of these two proteases in sAxl generation. For this purpose, a hydroxamate-based metalloproteinase inhibitor, GW280264X, capable of inhibiting both ADAM10 and TACE was used (1, 54) . Cells were treated with 10 M inhibitor for 1 h, followed by PMA stimulation for another 2 h, and the cell supernatants and cell lysates were tested by ELISA (Fig. 3B) . The compound GW280264X significantly inhibited both constitutive and PMA-induced Axl shedding, as demonstrated by a dramatic drop in the amount of sAxl in the cell-conditioned medium from L929 cells (2.8-and 7.1-fold inhibition of constitutive and inducible shedding, respectively). As mentioned above, the amount of Axl was significantly higher in L929R cells, leading to the accordingly enhanced release of the soluble form. Notwithstanding, the dynamics of sAxl release was rather similar in both cell lines, resulting in 4.4-and 7.2-fold inhibition of constitutive and PMA-induced Axl shedding, respectively, in the L929R cell line (Fig. 3B) . However, small amounts of sAxl were still detectable in the conditioned medium, indicating that the inhibitor could not completely abrogate sAxl generation, and another releasing mechanism(s) may also be operative. At the same time, the action of this chemical compound resulted in an increase of Axl in cell lysates both in the presence and in the absence of PMA (Fig. 3B) . These data were further confirmed by flow cytometry analysis, which showed an increase in the amount of Axl on the cell membrane in the presence of GW280264X (Fig. 3C) . The inhibitor had no effect upon the total protein content in cell lysates or cell viability within 48 h, compared with cycloheximide (data not shown), indicating that it does not act through nonspecific inhibition of protein synthesis. Taken together, these experiments show the ability of GW280264X to inhibit constitutive and PMA-inducible sAxl release, thereby suggesting that one or both metalloproteinases of the ADAM family are essential for sAxl generation.
Cleavage of Axl is reduced in murine fibroblasts lacking ADAM10 but is not affected in TACE-deficient cells. To gain further insights into the mechanism of constitutive and inducible sAxl release, MEFs generated from mouse embryos with a targeted deletion of ADAM10 or TACE were used (36, 54) . The endogenous expression of Axl was rather similar in ADAM10 Ϫ/Ϫ , TACE Ϫ/Ϫ , and respective WT MEFs, as detected by RT-PCR and Western blotting ( Fig. 4A and B) . The absence of ADAM10 or TACE in corresponding cells was already confirmed by Western blotting with specific anti-ADAM10 or anti-TACE Abs (18) . The cells were plated in equal numbers and stimulated with PMA or left untreated, and the concentration of sAxl in the cell-conditioned medium was assessed by ELISA after 4 h, because PMA-induced release of sAxl from these fibroblasts was maximal at this time point (data not shown). These experiments demonstrated that both constitutive and PMA-inducible release of sAxl was dramatically lower in ADAM10 Ϫ/Ϫ MEFs compared with their normal WT counterparts (Fig. 4C) . Notwithstanding, Axl shedding was not completely abrogated in these cells, as ADAM10 Ϫ/Ϫ MEFs constitutively released minute amounts of sAxl, whereas PMA treatment had little, if any, effect on this process (Fig. 4C ). Constitutive and PMA-inducible Axl cleavage was diminished approximately 2.5-and 12.6-fold in ADAM10 Ϫ/Ϫ fibroblasts, respectively, compared with cells from ADAM10 ϩ/ϩ mice. As expected, the reconstitution of ADAM10 into ADAM10 Ϫ/Ϫ MEFs (ADAM10 Ϫ/Ϫ Re) completely restored the constitutive and inducible sAxl generation. Since Axl was not proteolytically removed from the cell membrane in ADAM10-deficient fibroblasts, these cells exhibited increased expression of fulllength Axl at the cell surface, as determined by staining with anti-Axl Abs and flow cytometry analysis (Fig. 4D) . The requirement of ADAM10 for sAxl generation was further confirmed in at least two independently derived ADAM10-defi- MEFs. It should, however, be noted that the amount of constitutively released sAxl was slightly higher in fibroblasts from TACE ϩ/ϩ and TACE Ϫ/Ϫ mice compared with ADAM10
ϩ/ϩ and ADAM10 Ϫ/Ϫ MEFs, while PMA-inducible cleavage was somewhat reduced (Fig. 4C) . This fact may indicate that the absence of TACE attenuates PMA-inducible shedding of Axl to a certain extent but cannot considerably affect this process.
To address the role of ADAM10 in more detail and to confirm the aforementioned data, we performed siRNA-mediated suppression of ADAM10 in both L929 cell lines. Cells were transfected with siRNA oligonucleotides targeting ADAM10 expression, and ADAM10 cellular content was assessed by RT-PCR and Western blotting. Both methods showed a decrease in the cellular amount of ADAM10 at the mRNA (data not shown) and protein (Fig. 4E) otides. Next, the release of sAxl was tested by ELISA, which demonstrated that ADAM10 knockdown resulted in a significant drop in constitutive and inducible sAxl generation in both fibroblast cell lines (Fig. 4F) . Taken together, these results show that ADAM10 plays a major role in constitutive and inducible sAxl release, although another protease-dependent or -independent mechanism(s) may also be operative. The membrane-proximal sequence of Axl is important for shedding. To identify a potential ADAM10 cleavage site, we performed a deletion analysis whereby three partially overlapping 14-aa stretches in the membrane-proximal region of Axl were removed (Fig. 5A) . Given that cleavage of human Axl was mapped to the 14-aa stretch in the extracellular region (50), the first deletion mutant (Axl⌬1) corresponded to the homologous sequence in mouse Axl. The resulting constructs (Axl⌬1, Axl⌬2, and Axl⌬3) were transiently transfected into COS-7 cells, which have relatively high endogenous ADAM10 activity (38) , and sAxl generation was assessed 48 h after transfection by ELISA. Transfection with a full-length Axl construct (Axl WT) served as a control. Expression of control and deletion constructs (Axl WT, Axl⌬1, Axl⌬2, and Axl⌬3) was comparable, as detected by Western blotting (Fig. 5B) . As demonstrated in Fig. 5C , transfection with Axl⌬1 decreased constitutive and PMA-inducible sAxl release about twofold. Spontaneous 
on (23), we wished to determine whether mouse primary and transformed cells could release this molecule. To clarify this issue, we generated DCs essentially as described previously (15) . As illustrated in Fig. 6A , flow cytometry analysis confirmed that DCs from WT mice have ample expression of Axl on the cell membrane, whereas no membrane-associated Axl was detected in cells from Axl Ϫ/Ϫ animals. Further, WT DCs also express Tyro3 and Mer, although the expression of Tyro3 on the cell membrane is significantly lower (Fig. 6A) . Next, WT DCs were stimulated with PMA for 4 h or left untreated and cell-conditioned medium was harvested for ELISA to assess the production of sAxl, Tyro3, and Mer. These experiments showed that WT DCs constitutively released considerable amounts of sAxl (ϳ2 ng/ml), even in the absence of PMA stimulation (Fig. 6B) . Conversely, we were not able to detect Tyro3 and Mer in the supernatants from these cells (Fig. 6B) . As expected, treatment with PMA further elevated sAxl production. Concomitantly, PMA reduced the amount of Axl in the cell lysates. No detectable levels of sAxl or membrane-bound full-length Axl were found in the supernatants or cell lysates, respectively, of DCs from Axl Ϫ/Ϫ mice, which served as a control (Fig. 6B) . Remarkably, the inhibitor GW280264X significantly reduced both the constitutive and PMA-inducible cleavage of Axl in WT DCs (Fig. 6B) .
Both transmembrane and soluble forms of Axl have been detected by immunoprecipitation in cell lysates of tumors growing in syngeneic animals, and a large amount of a characteristic 65-kDa form of sAxl was also found in tumor exudates (23) .
Thus, the constitutive and inducible release of sAxl was assessed in the cell-conditioned medium from two murine tumor cell lines, TS/A and J558L. To this end, both tumor cell lines were stimulated with PMA for 4 h or left untreated and the presence of sAxl in the cell supernatants was evaluated by ELISA. Figure 6C shows that TS/A cells constitutively produced large amounts of sAxl (0.8 to 1 ng/ml) in the culture medium, whereas PMA enhanced the release of this molecule ϳ2.5-fold. The PMA-inducible sAxl release was associated with a reduction in the amount of cell-associated protein (data not shown). Conversely, sAxl production was considerably lower in J558L cells at the indicated time point and PMA treatment had little effect on this process (Fig. 6C) , which is explained by the fact that these cells have low endogenous Axl expression, as detected by semiquantitative RT-PCR and flow cytometry analysis (see Fig. S2 in the supplemental material) . Incubation of cells with the metalloproteinase inhibitor GW280264X significantly reduced both constitutive and PMAinduced Axl shedding in TS/A cells (Fig. 6C ). This effect was almost undetectable in J558L cells due to the low level of sAxl generation in these cells. Taken together, these results demonstrate that sAxl is released by select murine primary and transformed cells.
sAxl is present in mouse serum. It has been reported that sAxl could be detected by immunoprecipitation with specific Abs in mouse serum, plasma, and various mouse organs, such as the brain, cerebellum, liver, and spleen (23) . To confirm these results and to analyze quantitatively the amount of sAxl in mouse serum, the sera from at least five animals per strain were tested by ELISA. As shown in Fig. 7A, CH3 , C57BL/6, and BALB/c mice display similar levels of circulating sAxl (range of 5 to 6 ng/ml). Next, the sAxl concentrations were assessed in sera from Axl Ϫ/Ϫ , Axl ϩ/Ϫ , and WT mice (Axl ϩ/ϩ ). The amount of sAxl in sera from Axl ϩ/ϩ mice was comparable to that found in other strains, whereas animals heterozygous (Fig. 7A) . As expected, no sAxl was detectable in sera from Axl Ϫ/Ϫ mice. It should be noted that soluble forms of Tyro3 and Mer were not present in mouse serum, as detected by specific ELISAs (Fig. S1B in the supplemental material).
sAxl associates with Gas6 in mouse serum. The ability of the recombinant Axl ectodomain to bind exogenous Gas6, thereby preventing Gas6-specific interactions with the membranebound full-length receptor and Axl-mediated downstream signaling, has already been documented (23) . We were, however, not able to detect Gas6 in mouse serum by Gas6-specific ELISA with anti-Gas6 monoclonal and anti-Gas6 polyclonal Abs as coating and detection Abs, respectively (data not shown). Given that sAxl is present in a relatively high concentration in mouse serum, we asked whether some amount of endogenous sAxl could exist in association with Gas6, thus affecting the half-life and biological properties of the ligand and causing difficulties in Gas6 detection. To test this suggestion, mouse serum samples were assessed by a two-site ELISA for sAxl-Gas6 interactions. In a direct assay, 96-well plates were covered with monoclonal coating Abs which recognize the extracellular domain of Axl. After incubation with serum samples, polyclonal detection Abs targeted against Gas6 were added. In an inverted setup, monoclonal anti-Gas6 Abs served as coating Abs and polyclonal anti-Axl Abs served as detection Abs. The direct two-site ELISA showed that a significant amount of endogenous Gas6 is constitutively associated with sAxl in mouse serum, whereas the inverted ELISA did not generate any signal (data not shown), presumably due to the inability of anti-Gas6 monoclonal Abs to bind Gas6. As demonstrated in Fig. 7B , circulating levels of Gas6 in mouse serum lay in the range of about 3 ng/ml. Given that monoclonal coating Abs designed against the Axl ectodomain capture sAxl in mouse serum, whereas monoclonal coating Abs against Gas6 do not bind Gas6, it is likely that the Ab-binding site on Gas6 is masked by sAxl; therefore, all Gas6 molecules in mouse serum are presumably bound to sAxl. This was further confirmed by the inability of a specific ELISA to detect Gas6 in serum from Axl ϩ/ϩ mice. Conversely, the serum levels of Gas6 appear to correlate with the sAxl concentration (about 5 ng/ ml) (Fig. 7B) . The ability of sAxl to bind Gas6 was also confirmed by coimmunoprecipitation experiments and Western blotting (Fig. 7C) . Remarkably, Gas6 and Axl were undetectable by respective specific ELISAs in serum from Axl Ϫ/Ϫ animals (Fig. 7B) . These results were further corroborated by Western blotting analysis after immunoprecipitation from serum with specific anti-Axl or anti-Gas6 Abs, respectively (data not shown). Given the absence of Gas6 in serum from Axl Ϫ/Ϫ animals, as detected by specific and two-site ELISAs and Western blotting analysis, we wished to determine whether Gas6 requires the expression of Axl to be secreted. To this end, we utilized COS-7 cells, which do not express endogenous Gas6 and Axl. These cells were cotransfected with constructs coding for Gas6 and Axl, whereas transfection of Gas6 with the platelet-derived growth factor receptor served as a negative control. Remarkably, these experiments demonstrated that cotransfection of Gas6 with Axl dramatically enhanced Gas6 production in COS-7 cells (ϳ8 ng/ml) (see Fig. S3 in the supplemental material). Interestingly, Gas6 was detected predominantly in association with sAxl by two-site ELISA (but not by an ELISA specific for Gas6) and correlated with the sAxl concentration (ϳ7 ng/ml). These results indicate that expression of Axl is required for the secretion of Gas6 and might play an important role in cellular mechanisms regulating Gas6 production.
Furthermore, two other members of this family, Tyro3 and Mer, were not upregulated in DCs and MEFs from Axl Ϫ/Ϫ animals, as assessed by RT-PCR and Western blotting (data not shown) or flow cytometry analysis (Fig. 6A and data not shown). No associations between Gas6 and Tyro3 or Mer were observed in respective two-site ELISAs (data not shown), which was not surprising given the lack of soluble forms of these receptors in mouse serum and cell-conditioned medium. This fact strongly argues that the function of the members of this RTK family is not redundant.
Axl/Gas6 complexes were also detected in the conditioned medium from L929R cells (Fig. 7B) . However, we failed to detect these complexes in conditioned medium from L929 and TS/A cells, as well as DCs and MEFs from WT and Axl Ϫ/Ϫ mice, which might be explained by the fact that these cells do not express detectable Gas6 at the mRNA and protein levels (data not shown) and thus cannot serve as a source of this protein. Taken together, these experiments show that sAxl can form heterocomplexes with Gas6 in mouse serum, which may have particular relevance for the biology of Gas6 and the ability of this ligand to mediate Gas6-specific responses.
Immobilized Axl-Fc chimeric protein promotes cell migration and induces phosphorylation of Axl and PI3K. The extracellular portion of Axl contains features which are reminiscent of cell adhesion molecules (67) . It has been shown that Axl mediates cell aggregation and adhesion by homotypic-homophilic association of the extracellular domains of this molecule (9) . Given that the extracellular domain of Axl can function as a specific substrate for adhesion of Axl-expressing cells (9), we next assessed in a wound-healing scratch assay whether the chimeric molecule Axl-Fc could affect the migratory properties of murine fibroblasts. Axl-Fc comprises the extracellular domain of mouse Axl (26) fused to the carboxy-terminal Fc region of human immunoglobulin G1 via a polypeptide linker. It seemed to us theoretically reasonable that the presence of the extracellular portion of Axl capable of homophilic associations might render this protein capable of mimicking effects of endogenous sAxl, thereby providing a tool to assess its function. The plates were coated with Axl-Fc or IL-3R-Fc and seeded with equal numbers of growing cells. After 18 h of culture, the cells were cleared within a defined area by scratch- ing with a pipette tip, washed, placed into complete growth medium, photographed in phase-contrast (Fig. 8A, 0 h) , and allowed to migrate into the cleared area, whereas cells cultured in the wells coated with IL-3R-Fc were used as controls. In fact, L929R fibroblasts growing in the Axl-Fc-coated wells had separated from the monolayer at the wound edges, forming visible cell aggregates, and significant numbers of these cells started to migrate into the cleared area within 6 to 18 h, compared with cells in untreated wells (data not shown) or control wells coated with IL-3R-Fc (Fig. 8) . A similar effect was observed in MEFs from WT mice (Fig. 9A, right side) , and in parental L929 cells, but the migratory properties of parental cells were somewhat diminished (data not shown). It should be mentioned that Axl-Fc had no effect on the growth and migratory characteristics of murine fibroblasts when added in a soluble form, and additional cross-linking with anti-Axl Abs also had no effect (data not shown). Thus, these results show that only immobilization of Axl-Fc on plastic renders this molecule biologically active to efficiently promote cell migration. Reportedly, Axl-mediated cell aggregation results in a degree of receptor activation (23) . Given the observed ability of immobilized Axl-Fc to mediate cell migration and the ability of the extracellular domain of this RTK to associate through homotypic interactions, we wished to determine whether this chimeric molecule could bind cell-associated full-length Axl and induce Axl phosphorylation and subsequent Axl-mediated activation of downstream targets, such as PI3K (32) . To test this hypothesis, we assessed the phosphorylation state of transmembrane Axl and PI3K. Cells were incubated for different times in plates coated with Axl-Fc, collected, and lysed, and Axl and PI3K were immunoprecipitated from cell lysates with specific Abs. Then, the immunoprecipitates were subjected to SDS-PAGE and resolved proteins were transferred onto nitrocellulose membrane and probed with anti-pTyr Abs. These experiments revealed that incubation in Axl-Fc-coated wells for 15 min was sufficient to induce the phosphorylation of Axl and PI3K to levels comparable to those observed upon Gas6 stimulation (Fig. 8B) . No changes in the phosphorylation pattern of these proteins were detected in cells incubated in control wells left uncoated or coated with IL-3R-Fc. Taken together, these results demonstrate that, upon immobilization, Axl-Fc chimeric protein induces the phosphorylation of cellbound Axl and its downstream target PI3K.
Remarkably, the migratory properties of MEFs from Axl Ϫ/Ϫ mice were dramatically reduced compared with those of control WT cells (Fig. 9A) . This was already detectable after 6 h of incubation, whereas at 18 h total wound closure was observed in Axl-Fc-coated wells seeded with MEFs from WT animals. In contrast, the migratory characteristics of Axl Ϫ/Ϫ fibroblasts were almost undistinguishable in Axl-Fc-coated versus IL-3R-Fc-coated (control) wells, in which no wound closure was observed after 18 h of incubation. Moreover, the phosphorylation of transmembrane Axl and PI3K was not observed in MEFs from Axl Ϫ/Ϫ mice (Fig. 9B) , thereby providing strong support for the idea that the phosphorylation of these molecules depends on, and results from, the direct binding of immobilized Axl-Fc to membrane-bound Axl. Notably, the addition of sAxl-Fc in different concentrations (0.01 to 10 g/ml) did not affect the ability of immobilized Axl-Fc to induce cell migration and protein phosphorylation in L929R cells and MEFs from WT mice (see Fig. S4 in the supplemental material; also data not shown).
Because L929R cells express and release Gas6, whereas sAxl-Fc binds Gas6 and neutralizes its activity (23, 69, 70) , these experiments also argue against the possibility that endogenous Gas6 participates in the observed cell migration and phosphorylation events by forming a complex with immobilized Axl-Fc. In addition, immobilized Axl-Fc preserved the ability to mediate cell migration and the phosphorylation of membrane Axl and PI3K in cells treated with warfarin, which selectively inhibits posttranslational vitamin K-dependent ␥-carboxylation of Gas6, which is essential for its receptor- binding and growth-potentiating activities (68-70) (see Fig. S4 in the supplemental material). These results indicate that endogenous Gas6 is presumably not essential for signaling-and migration-inducing effects of immobilized Axl-Fc, at least under the experimental conditions used in this study.
DISCUSSION
In this study, we showed that a soluble form of Axl RTK is generated through proteolytic cleavage by a disintegrin-like metalloproteinase, ADAM10. In addition, experimental evidence is provided that supports a role for immobilized sAxl in promoting cell migration and activation of membrane-bound full-length Axl and its downstream target, PI3K. Apart from the identification of ADAM10 as a major proteinase responsible for Axl ectodomain shedding, we also demonstrated that sAxl associates with endogenous Gas6 in mouse serum. A dynamic equilibrium between sAxl and Gas6 levels in biological fluids might play an important regulatory role and dramatically affect Gas6 function.
Murine primary and transformed cells spontaneously release sAxl into the culture medium, whereas PMA stimulation further enhances this process. Interestingly, murine DCs produce considerable amounts of sAxl and can serve as a source of this soluble protein. Further experiments are required to understand what role Axl and its soluble form could play in the complex biology of these antigen-presenting cells. Despite the fact that Axl cleavage was inhibited by the broad-spectrum metalloproteinase inhibitor GM6001 and an inhibitor of both ADAM10 and TACE, GW280264X, decisive evidence for the major role of ADAM10 was provided by experiments with fibroblasts derived from mice with a homozygous disruption of the ADAM10-encoding gene. Both spontaneous and inducible sAxl release was dramatically reduced in these cells compared with shedding by corresponding WT fibroblasts, whereas reconstitution of active ADAM10 expression restored Axl cleav- Incubation in IL-3R-Fc-coated (control) wells or stimulation with 100 ng/ml of Gas6 was used as a negative or positive control, respectively. Cells were lysed, and Axl or PI3K was immunoprecipitated from the lysates with specific Abs. Precipitates were subjected to 10% SDS-PAGE and analyzed with anti-pTyr Abs. Detection of Axl or PI3K on the same blots was used as a loading control. IP, immunoprecipitation; WB, Western blotting.
VOL. 25, 2005 GENERATION OF SOLUBLE Axl BY ADAM10 9335 age. Conversely, Tyro3 and Mer were not detectable in mouse serum and cell-conditioned medium, either alone or in association with Gas6, indicating a unique role for Axl among the family members. For the members of the ADAM family, it has been suggested that structural and kinetic characteristics rather than minimal consensus shedding sequences and the identity of the amino acids constituting them regulate the access of the protease to the cleavage site (63, 66) . This underlines the complexity of ADAM-substrate interactions and indicates that there may not exist a minimal consensus shedding sequence within the cleavage site but rather additional structural requirements distal from the cleavage site. The most consistent feature indicative of cleavage sites among ADAM substrates is that they usually reside in a stalk region between the membrane and an initial globular extracellular subdomain (57) . The fact that sAxl generation was dramatically lower in cells transfected with Axl⌬2 and Axl⌬3 deletion mutants, compared with Axl⌬1, strongly supports the idea that structural requirements play a major role in regulating the access of ADAM10 to the cleavage site of Axl.
Axl RTK is thus a novel substrate for ADAM10, although the fact that some amount of sAxl is still present in the supernatants of ADAM10
Ϫ/Ϫ cells argues that ADAM10-mediated proteolysis is not the only mechanism involved in sAxl generation. Notably, ADAM10 activity has been implicated in the constitutive shedding of a number of substrates, whereas inducible shedding is mainly attributed to TACE (14, 55) . In contrast, ADAM10-deficient fibroblasts exhibited a dramatic defect in both constitutive and inducible proteolytic cleavage of Axl. Currently, we perform experiments to identify whether other members of the ADAM family may play an auxiliary role in the constitutive and/or inducible shedding of this RTK. However, a minor involvement of other protease-independent mechanisms cannot be excluded.
Ectodomain cleavage and shedding of N-glycosylated sAxl might play a particular role in distinct physiologic and/or pathological conditions and alter, in the first place, Gas6 action on the cells expressing full-length membrane Axl, as well as Tyro3 and Mer, by competing for Gas6 with the cellular receptors and inhibiting its activity. Conversely, sAxl may increase the bioavailability of Gas6 by prolonging its half-life and slowing ligand release from the heterocomplex to provide physiologically relevant levels of Gas6 in tissues, thereby resulting in local or systemic effects of this protein and influencing the nature and/or duration of the signaling event. It is also theoretically conceivable that the sAxl/Gas6 heterocomplex could bind and activate the membrane-tethered receptor. Support for this suggestion is provided by the observation that Gas6 can mediate cell aggregation by a heterotypic intercellular mechanism, whereby cell-bound Gas6 interacts with Axl on an adjacent cell (45) . This mode of action is in agreement with the reported ability of soluble IL-6R to potentiate IL-6 signaling by binding to cell membrane-anchored gp130 (40) . In addition, the sAxl/Gas6 complex may also be capable of interacting with transmembrane Axl through homotypic associations between Axl extracellular domains. Although initial experiments do not support a role for endogenous Gas6 in the observed ability of immobilized Axl-Fc to induce the phosphorylation of transmembrane Axl and PI3K and cell migration, additional studies are required to address this question in more detail.
Despite the fact that the exogenously added Axl ectodomain inhibits the action of Gas6 (23) , it remains to be elucidated how relatively high or low circulating levels of endogenous sAxl may affect the function of Gas6. Because sAxl prevented recognition of Gas6 by monoclonal anti-Gas6 Abs in an inverted ELISA, it appears likely that sAxl is present in excess over Gas6 and all Gas6 molecules in mouse serum are presumably bound to sAxl. This may indicate that either these two molecules exist in a dynamic equilibrium or some proportion of sAxl is not associated with Gas6. Given that sAxl may also hide a certain Gas6 antigenic epitope(s) from polyclonal detection Abs, the results from the direct two-site ELISA should be interpreted with caution in regard to the actual endogenous Gas6 concentration in mouse serum.
Exogenously administered soluble IL-4R can either potentiate or inhibit the activity of IL-4 in vivo, depending on the relative molar ratios of sIL-4R to IL-4; low ratios promoted the cytokine activity, while a large excess of sIL-4 over IL-4 inhibited responses to IL-4 (56) . Similarly, low levels of soluble TNF receptor presumably enhance TNF signaling, perhaps by stabilizing the ligand, whereas higher concentrations inhibit TNF activity (37) . In agreement with this model, high sAxl concentrations may prevent Gas6 interaction with the membranebound receptors and inhibit Gas6-specific signaling, whereas low sAxl levels could potentiate Gas6 activity, but further studies are required to confirm or reject this suggestion.
Extracellular domain architectures of Axl family members resemble adhesion molecules of the cadherin and immunoglobulin superfamily and receptor-type protein tyrosine phosphatases, which were shown to promote cell adhesion through a homophilic mechanism (9) . Homotypic associations involving the extracellular domains of murine Axl were also shown to mediate cell aggregation and enhance receptor phosphorylation, implicating such a mechanism in the activation of this group of RTKs and suggesting an important role in signaling cell adhesion (9) . The release of the cadherin ectodomain containing homophilic binding sites is functionally of major importance for the regulation of cell adhesion and cell migration (52, 54) . Thus, the ability of immobilized Axl-Fc chimeric protein to enhance cell migration and to induce, presumably through homophilic interactions, the phosphorylation of transmembrane Axl and PI3K could mimic similar effects of endogenous sAxl. Transmembrane Axl may function as a substrate adhesion molecule, mediating cell binding to proteolytically processed, immobilized Axl as a component of the extracellular matrix.
Remarkably, the adhesion between ADAM10 Ϫ/Ϫ fibroblasts is reportedly much stronger than that of their WT counterparts due to N-cadherin-mediated cell-cell adhesion (54) . Given that both N-cadherin and Axl are substrates for ADAM10, the increase in the adhesive properties of these fibroblasts could also be mediated by detainment of membrane Axl. Furthermore, ADAM10-dependent cleavage of N-cadherin regulates ␤-catenin nuclear signaling (54) . Gas6 and Axl were also shown, through stabilization of the cytoplasmic ␤-catenin pool, to have a possible role in mammary development and/or neoplastic transformation (33) . Thus, Axl and N-cadherin may share not only structural but also functional similarities. 9336 BUDAGIAN ET AL. MOL. CELL. BIOL. Contrary to the role of protein S as a natural anticoagulation factor, Gas6 stimulates platelets, and Gas6 Ϫ/Ϫ mice have a platelet aggregation defect that confers protection against thrombosis (4, 5) . Gas6 and its receptors (Axl, Tyro3, and Mer) play an important role during thrombus formation through the ability to amplify signaling via integrin ␣ IIb ␤ 3 (5). Gas6 stimulates growth of cardiac fibroblasts and induces Axl-mediated chemotaxis of vascular smooth muscle cells (30, 62) . Upregulated expression of Gas6 and Axl parallels neointima formation after balloon injury of the rat carotid artery (46) . These facts support the important role of the Gas6/Axl system as a novel regulator of vascular cell function that may have an impact on the response of blood vessels to injury, thereby contributing to the development of atherosclerosis and/or restenosis (46) . Given that recombinant sAxl is able to bind Gas6, thereby protecting mice from life-threatening thrombosis (5), it is reasonable to suggest that the high levels of circulating endogenous sAxl observed in mouse serum in vivo may be physiologically relevant to maintain the finely tuned balance between hemostatic and antithrombotic mechanisms. The bioavailability of sAxl could have a regulatory role and provide protection against excessive Gas6 activity. It remains to be elucidated whether high or low levels of sAxl can correlate with distinct pathological conditions and serve as a prognostic marker for certain types of diseases.
R E T R A C T E D
Remarkably, Gas6 was not detected in serum from Axl Ϫ/Ϫ mice, thereby indicating the existence of a certain compensatory and/or protective mechanism(s) and suggesting that Gas6 might be able to elicit harmful effects if present in a free form in the serum. Results from overexpression studies indicate that Axl is required for the secretion of Gas6 and might play an important role in cellular mechanisms regulating Gas6 expression. Further studies are necessary to test whether the amount of Gas6 may be elevated in situ in distinct pathophysiologic situations, such as the vascular injury repair process and thrombus formation, and how high circulating levels of endogenous sAxl could affect the function of Gas6 under these circumstances in vivo. Furthermore, the feasibility of using recombinant exogenous sAxl as a therapeutic agent against life-threatening thrombosis should be tested. Many studies have documented the ability of Gas6 to support cell growth and survival (2, 10, 31) . Gas6 inhibits granulocyte adhesion to endothelial cells promoted by several factors (7) and mediates cell adhesion to phosphatidylserine (49), while Mer is critical for the engulfment and efficient clearance of apoptotic cells (59) . Gas6 induces through Axl STAT3-dependent mesangial cell proliferation in experimental glomerulonephritis (68) (69) (70) , and both are implicated in glomerular hypertrophy at the early stages of diabetic nephropathy (47) . Gas6 and Axl are also involved in the pathogenesis of rheumatoid arthritis (51) . RTKs of this family play an important immunoregulatory role (42) and are essential regulators of mammalian spermatogenesis (41) . Thus, a potential ability of sAxl to serve as a natural antagonist of Gas6 could have clinical relevance.
Also of importance is the fact that the extracellular domain of an RTK responsible for ligand binding reportedly plays a regulatory role in controlling receptor kinase activity, whereas deletion or truncation of this part relieves negative constraints that regulate the kinase function (50) . A number of studies have provided compelling evidence for the significance of the ectodomain in regulating RTK activity by showing that in vitro deletion of this part renders many of these receptors transforming in the absence of ligand, including the epidermal growth factor receptor, the insulin receptor, and erbB2 (8, 22, 65) . In accord with the fact that a number of ligands can enhance shedding of their own receptors (21, 25) , Gas6 induced a modest up-regulation of sAxl release in resistant L929 fibroblasts abundantly expressing Axl on the cell surface. Thus, the proteolytic processing of Axl by ADAM10 may, at least partially, depend on, and result from, ligand binding. Importantly, the proteolytic cleavage of Axl leaves a membranebound carboxy-terminal fragment which is a substrate for regulated intramembrane proteolysis (RIP). The proteolytic processing and shedding of the first extracellular domain constitute a critical step in the RIP of several substrates, including Notch, amyloid precursor protein, and CD44 (28) . Initial results from our laboratory suggest that Axl shedding also enhances a presenelin/␥-secretase-mediated RIP of the remaining cytoplasmic portion of Axl, which subsequently translocates to the nucleus (E. Bulanova et al., unpublished data).
In summary, our data demonstrate that Axl is constitutively converted into its soluble form by proteolytic cleavage and implicate ADAM10 as the metalloproteinase responsible for this RTK shedding. Rather high levels of sAxl are present in mouse serum and cell-conditioned medium from murine primary and transformed cells. Given that sAxl can form heterocomplexes with Gas6 and the ability of immobilized Axl-Fc to mediate signaling events and promote cell migration, the bioavailability of sAxl might have broad implications in diverse physiologic processes or their pathological deviations mediated by Axl itself, as well as by other members of this RTK family.
